The nature of the ϳ370-nm ͑3.35-eV͒ photoluminescence ͑PL͒ in Si oxide and nanostructures, which has a PL excitation band at ϳ260 nm, is studied experimentally and theoretically. It is revealed that the PL occurs at the interface between Si structure and its oxide and is closely associated with a characteristic infrared absorption band at ϳ1250 cm −1 . Spectral analyses suggest that the ϳ370-nm PL originates in the -SiO 3 group, which bonds to Si structural surface. The density functional theory calculations are consistent with our experiments. This work clarifies some controversies regarding the ϳ370-nm PL mechanisms in a number of Si oxide and nanostructures. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1931830͔
Si nanostructure inevitably contains a Si oxide when stored in air. An upsurge of research activities in the physics and applications of Si nanostructures has led to more attention to the ϳ370-nm ultraviolet ͑UV͒ photoluminescence ͑PL͒, 1-13 which is of importance to optical device applications such as improving laser printing speed and light recording density. However, the complexity of microscopic details and little theoretical research activities make the UV PL origin unclear and widely controversial. Different attributions have been proposed: ͑1͒ oxygen-deficient centers in the interfacial oxide of Si nanocrystals; [5] [6] [7] [8] 13 ͑2͒ Si nanocrystals with Si sites surrounded by four adjacent Si atoms sharing one or two electrons; 4, 9, 11 ͑3͒ band-to-band recombination in the quantum-confined Si nanocrystals. 2, 12 These inconsistent assignments suggest that a detailed investigation is needed to clarify its origin. In this letter, we report a series of experimental results about the ϳ370-nm PL from alkali-treated Si and anodized Si in a NaOH solution. After a full characterization of the PL and PL excitation ͑PLE͒ properties, we relate the ϳ370-nm PL with the -SiO 3 group that exists at the interface between the Si oxide and the Si nanostructure. Through density functional theory calculations, we provide further evidence for the validity of this assignment.
N-type 0.002 ⍀ cm ͑111͒ Si wafers were used as substrates. Samples were prepared two ways: high temperature reaction and anodization. High temperature reaction is a way to promote chemical change. Pure Li 2 CO 3 , Na 2 CO 3 , and NaOH powders were uniformly coated on clean Si wafers, respectively, followed by annealing at 600°C ͑below melting point͒ in air for 30 min. After carefully removing the coated layers, the samples were cleaned in deionized water and then dried at 53°C for Ͼ4 h. Anodization of a Si wafer was performed in a NaOH solution ͑ϳ40 wt % ͒ under a current density of 30 mA/ cm 2 for 30 min. Bubbles from the anode indicate that a chemical reaction has occurred. The resultant samples were then cleaned and dried. PL spectra were obtained on a JY FluoroMax-2 fluorescence spectrophotometer. All the PL spectra were corrected for the response of the measurement system. Fourier-transform infrared ͑FTIR͒ absorption and scanning electron microscope ͑SEM͒ images were, respectively, taken on Nicolet 170SX and LEO1530VP. Figure 1 shows the PL spectra of alkali-treated Si and anodic Si: ͑1͒ Li 2 CO 3 , ͑2͒ Na 2 CO 3 , ͑3͒ NaOH, and ͑4͒ anodized Si in a NaOH solution. Despite the difference in intensity, all the PL spectra show similar shapes peaked at ϳ370 nm. The corresponding PLE spectra also show peaks at ϳ260 nm, as observed in previous Si oxide films. 7 suggests that the UV PL is from the same luminescence centers ͑LCs͒ that rule out the correlation with cations ͑Li + and Na + ͒. Similar PL spectra from the Na 2 CO 3 -and NaOHtreated Si imply that the LCs should be oxygen related. Sample annealing at 600°C leads to an oxidation reaction of alkali with a Si wafer. Since Li 2 CO 3 , Na 2 CO 3 , and NaOH have an alkalinous magnitude from a weak to strong sequence, the reaction occurs with the same sequence. Thus, the UV PL intensity is the largest in a NaOH-treated Si. Anodization is a powerful tool to induce the oxidation reaction and so it is not strange that anodic Si presents the strongest PL. The UV PL is very stable even during annealing at 600-1000°C in O 2 or N 2 ͑see the dotted line͒, which indicates that the LCs should be a kind of stable and fully bonded structure instead of oxygen-deficient centers. Because the -OH and -H groups were not detected in the annealed samples by FTIR ͑also see the inset of Fig. 2 , which only shows a broad background signal͒, the related groups do not contribute to the PL. 6, 8, 9, 12 Alkali-induced oxidation plays an important role in forming such LCs. A typical FTIR spectrum of the anodized Si is shown in Fig. 2 ͓curve ͑1͔͒ and that of thermally oxidized Si, obtained by annealing a Si wafer at 1000°C in O 2 for 30 min, is presented for contrast ͓curve ͑2͔͒. Both spectra display three typical Si-O-Si rocking and stretching vibration bands at 460, 800, and 1070 cm −1 . 6, 14 However, the spectrum of the anodized Si exhibits an additional absorption band at ϳ1250 cm −1 . This band was frequently observed in oxidized porous Si ͑PS͒ and Si oxide films usually accompanied with an UV emission. 6, 9, 14 Since our thermally oxidized Si does not contain the 370-nm radiation, the ϳ1250 cm −1 absorption band should be an indicator for the presence of the UV LCs.
The surface morphology of anodized Si in NaOH solution is interesting. The upper right inset of Fig. 3 presents the SEM image of an anodized sample. Unlike the case in PS, many outstanding balls with diameters of 200-300 nm, which are proved to be Si crystallites surrounded with oxide, distribute on the rough oxide layer. Such Si balls have no quantum confinement effect, but their existence will increase the interfacial area between the oxide and Si structure. We found that similar Si balls cannot be formed if anodization is performed for a Si wafer with high resistivity ͑p type, B doped, 30 ⍀ cm͒. Such samples still emit a ϳ370-nm PL but their PL intensities are relatively low. The microscopic mechanism of forming such a morphology is unclear now, but the correlation between the surface area and PL intensity strongly suggests that the LCs are localized at the interface between the oxide and Si structure. In fact, this attribution has been mentioned in previous literature. 1, 6, 8 This conclusion is further confirmed in our experiments by fabricating anodic samples with different Si balls and then by comparing their PL intensities.
As mentioned above, Si oxidation reaction needs high temperature or anodic current. Under such conditions, CO 3 2− and OH − will react with Si to produce the -SiO 3 group. To confirm the correlation between the UV PL and -SiO 3 group, we directly coupled -SiO 3 groups to the surface of Si wafer using a Na 2 SiO 3 solution which stably exists as Na + and ͓H 2 O , SiO 3 ͔ 2− in water. It has previously been reported that alkyl could be bonded to the surface of PS by the chemical method. 15 We carried out our experiment as follows: Firstly, the Si wafer was immersed in diluted HF solution for 2 min to get rid of surface SiO 2 . Then we dropped it in Na 2 SiO 3 solution and raised solution temperature to 53°C for 2 h to induce the coupling process. Finally, the sample was taken out and dried at 53°C. Curve ͑5͒ in Fig. 1 shows its PL spectrum. Although the intensity is relatively low, the spectral shape is the same. This implies that its origin is the same as those of other alkali-treated Si. At such low temperature ͑53°C͒, no oxidation reaction would take place. Curve ͑3͒ in Fig. 2 also presents the FTIR spectrum. The redshifted absorption band at 1016 cm −1 is characteristic of rudimental silicate. A broad shoulder can still be observed with relatively low intensity. The fact that the PL intensity traces with the FTIR absorption intensity shows an intrinsic correlation between the PL and the FTIR shoulder band. 6 Since they cannot be observed in individual Si or the Na 2 SiO 3 compound, the PL and the FTIR shoulder should relate with the bonding states between the -SiO 3 group and the Si wafer.
Below we propose a structural model to describe the LCs. As we have known, weak acid or alkalinous anion such as CO 3 2− and OH − could react with Si under high temperature or under an assistance of anodic current 
Obviously, the -SiO 3 group is solely the common outcome. During Si oxidation, the dangling bonds are exposed and coupled with the -SiO 3 group, as shown in the upper left inset of Fig. 3 . This type of surface groups acts as the LCs responsible for the ϳ370-nm PL. They are a kind of fully bonded structure with highly thermal stability. The included Si-O-Si group should be associated with the observed FTIR shoulder band. 16 To further provide evidence of the nature of the inferred LCs, we calculate the electronic states and infrared vibration spectra of the -SiO 3 group that bonds to the Si surface using the density functional theory. The computational study starts with a Si 18 O 3 H 20 cluster, which is assumed to be a cluster model of the Si ͑100͒ surface covered by a-SiO 3 group ͑20 hydrogen atoms are added to terminate the unsaturated bonds͒. The molecular structure of the Si 18 O 3 H 20 cluster in the ground state is optimized using the GAUSSIAN03 program. 17 Structure optimizations and vibration frequency calculations are performed at the density functional theory level using a B3LYP functional 18, 19 and a 6-31G + ͑d͒ basis set. The optimized structure of the Si 18 O 3 H 20 cluster is shown in Fig. 3 . The calculated Siv O stretch frequency is 1274 cm −1 , which agrees well with the experimental result at ϳ1250 cm −1 . This result strongly indicates that the -SiO 3 group attaches to the Si nanocrystals or surface in the way as shown in the inset of Fig. 3 .
The excitation ͑absorption͒ spectra are calculated using the time-dependent density functional theory 20 ͑TDDFT͒ with a 6-31G + ͑d͒ basis set. The excitation energies E and oscillator strengths f of the first few dipole-allowed excitations obtained with the ground-state structure are ͑E , f͒ ⇒ ͑275.4, 0.0019͒, ͑267.3, 0.0057͒, ͑265.9, 0.0046͒, and ͑265.8, 0.0169͒. One can see that the model has strong adsorption near 270 nm, being in good agreement with the experimental excitation spectra. By analyzing the molecular orbitals, we found that the -SiO 3 motif on the surface of the model does not noticeably involve in these dipole-allowed transitions and thus the observed ϳ260-nm absorption is inherent to the Si nanocrystals. The emission spectrum can also be calculated using the TDDFT approach but the molecular structure of the lowest excited state has to be fully optimized at the TDDFT level. However, excited-state geometry optimizations are not practical for the Si 18 O 3 H 20 cluster using the current implementation of TDDFT within the GAUSSIAN03 program. We notice that for a Si 29 H 36 cluster the optimized structure of the lowest excited state has been recently obtained using the same approach implemented in another program. 21 Theoretical calculations on the luminescence of Si 29 H 36 indicated that structural changes due to the relaxation of the excited state could lead to a large redshift of about 0.72 eV. Assuming that the situation of the nanosized Si particle under study is similar to that of the Si 29 H 36 model, one may expect that the wavelength of the emitted light is about 330 nm, which is reasonably close to the experimental emission spectrum. Of course, the surface modification by theSiO 3 groups to the Si nanocrystals may also play some roles in affecting the redshift of the emitted light. In fact, many experimental studies have indicated that the UV emission band may be in the range of 310-390 nm, dependent upon the local structure of -SiO 3 groups.
1-3,6-8,13,14 Especially, some studies have disclosed that the UV PL may be at ϳ340 nm, 1, 7, 8, 14 in excellent agreement with our calculation result. 
